We present the synthesis of 2-ferrocenylbenzoic acid (FcOH) and its electrochemical and spectroscopic characterization. FcOH was characterized for interaction with DNA using theoretical and experimental methods. UV-visible spectroscopy and cyclic voltammeter (CV) were used for the experimental account of FcOH-DNA complex. The experimental results showed that the FcOH interacts by electrostatic mode. The binding constant ( ) and Gibbs free energy (Δ ) for the FcOH-DNA complex have been estimated as 5.3 × 10 4 M −1 and −6.44 kcal/mol, respectively. The theoretical DNA binding of FcOH was studied with AutoDock molecular docking software. The docking studies yield good approximation with experimental data and explain the sites of binding.
Introduction
DNA is an important genetic substance in the organism. The regions of DNA involved vital processes such as gene transcription and expression and also related to mutagenesis and carcinogenesis [1] [2] [3] . It is well established that many organic and inorganic anticancer drugs interact with DNA and defeat the fatal effects of cancer [4] [5] [6] . Carboxylic acids are present in the range of anticancer drugs that interact with DNA [7] [8] [9] . Recently, ferrocene is getting a lot of importance in the field of anticancer drug development. Ferrocene has been incorporated in the structure of many clinical drugs [10, 11] . Keeping this in mind, we have synthesized ferrocenylbenzoic acid.
A variety of techniques are available to study the small molecule-DNA interaction [12] [13] [14] . UV-visible spectroscopy and cyclic voltammetry are well established in this regard [12] . The virtual screening of compounds for their interaction with biomolecules is becoming popular day by day [15, 16] . Molecular docking is replacing the expensive experimental techniques for the screening of drug potency [17, 18] . In this paper we have utilized AutoDock software for the virtual binding of the synthesized compound with DNA. The results of the computational studies are compared with wellestablished experimental techniques [19, 20] . Two types of ligand files were utilized for the theoretical exploration of binding. One file is generated by 3D simulation in Gaussian W03, and the other file was obtained from experimental crystallographic data.
Experimental

Materials and Methods.
Ferrocene, 2-aminobenzoic acid, sodium nitrite, hydrochloric acid, tetrabutylammonium phosphate (TBAP), and hexadecyltrimethylammonium bromide (CTAB) were purchased from Sigma Aldrich and were used without further purification. Organic solvents were purified prior to use by the literature method [21] . Elemental analysis was carried out with CHN Analyzer Thermo 
Synthesis of 2-Ferrocenylbenzoic Acid (FcOH).
2-Aminobenzoic acid (7.0 g, 50 mmol) was added to 10 mL of 18% aqueous hydrochloric acid to form the slurry and cooled to 0-5 ∘ C using salt water-ice bath. A solution of sodium nitrite (3.5 g, 50 mmol) in 20 mL of water was added dropwise to slurry under stirring. After complete addition the solution was stirred for additional 30 min and kept below 4 ∘ C to form its diazonium salt. Ferrocene (10 g, 5 mmol) and 0.2 g CTAB were added to 100 mL ethyl ether and cooled to 0-4 ∘ C. The diazonium salt solution was added dropwise to ferrocene solution containing phase transfer catalysts CTAB under constant stirring and kept below 4 ∘ C. After the complete addition the reaction mixture was stirred overnight at room temperature. The mixture was concentrated by rotary evaporation and the residue was washed with water; then the crude solid was steam distilled to recover unreacted ferrocene. The red solid thus obtained was added to the 1% aqueous solution of NaOH and heated to 90 ∘ C; the solution was steam distilled to remove the excessive ferrocene. The filtrate was allowed to cool down to room temperature. After cooling the orangered precipitate of 2-ferrocenylbenzoic acid sodium salt starts to settle down at the bottom of the beaker. The precipitates were dried and acidified to get the 2-ferrocenylbenzoic acid (FcOH) 
X-Rays Structure
Analysis. X-ray measurements were made on a Bruker Kappa APEXII CCD diffractometer equipped with a graphite-monochromated Mo-K radiation ( = 0.71073Å) radiation source. Data collection used scans, and a multiscan absorption correction was applied. The structure was solved by using SHELXS97 (Sheldrick, 273 2008) program [26, 27] . The structure was refined by full 276 matrix least-squares techniques using SHELXL-97. The structures drawn in figures of the paper were made using the free version of Mercury software.
DNA Binding Studies. Sodium salt of Herring Sperm
Deoxyribonucleic Acid (DNA) was purchased from Acros Organics, UK. For DNA binding studies, all the solutions were made in EtOH : water (8 : 2) mixture using analytical grade EtOH and doubly distilled water unless otherwise mentioned.
UV-Visible Studies.
The DNA stock solution was prepared in doubly distilled water and stored at 4 ∘ C. The nucleotide to protein (N/P) ratio was checked by measuring the ratio of absorbance at 260 and 280 nm (A260/A280) = 1.9, indicating that the DNA is sufficiently free from protein [28] . The DNA concentration was determined via absorption spectroscopy using the molar absorption coefficient of 6,600 M −1 cm −1 (at 260 nm) for DNA [25, 29] . The electronic absorption spectrum of known concentration of FcOH was obtained without DNA. The spectroscopic response to the same concentration of FcOH was then monitored by the addition of small concentrations of DNA. All the samples were allowed to equilibrate for 15 minutes prior to every spectroscopic measurement.
Cyclic Voltammetric Studies.
The stock solution of FcOH with known concentration was prepared in EtOH/water (80 : 20%). The voltammogram of the compound solution was recorded after flushing out oxygen by purging with argon gas for 10 minutes just prior to each experiment. The procedure was then repeated for the system having a constant concentration of FcOH and with varying concentration of DNA [30] . Three electrode systems (glassy carbon, working electrode; standard calomel electrode; platinum wire, counter electrode) were used for the electrochemical measurements. Working electrode was cleaned after every electrochemical assay.
Molecular Docking.
Docking studies were carried out using AutoDock (Version 4.2) docking software [31] . Structure of DNA dodecamer d(CGCGAATTCGCG) 2 was taken from protein data bank (PDB) [32] while Crystallographic Information File (.cif) and .mol (generated with computation in Gaussian W03) files of FcOH were used as a ligand for subsequent docking. Essential hydrogen atoms and Gasteiger charges were added with the aid of AutoDock tools (ADT). The grid size was set to 64, 72, and 124 along the -, -and -axes, respectively. The center of the grid was set to 14.98, 20.976, and 8.807. After DNA was enclosed in the grid defined with 0.375Å spacing, the grid map was calculated using the AutoGrid program. Docking to macromolecule was performed using an empirical-free energy function and Lamarckian Genetic Algorithm, with an initial population of 50 randomly placed individuals, a maximum number of 10 5 energy evaluations, a mutation rate of 0.02, and a crossover rate of 0.80. FcOH molecule was allowed to move within a specified region to achieve the lowest energy conformation while DNA dodecamer was kept rigid during docking.
Results and Discussion
Synthesis and Characterization.
The compound (FcOH) was synthesized by the reaction of ferrocene with the diazonium salt of 2-aminobenzoic acid using phase transfer catalyst in the ether water mixture. CTAB was used as a phase transfer catalyst (Scheme 1). The synthetic protocol used is somehow similar to the one reported for other ferrocenyl benzene derivatives [33, 34] . FcOH synthesis has been reported earlier [35] but this protocol shows the improved yield. After synthesis FcOH was well characterized by instrumental techniques. The percentages of carbon and hydrogen were estimated to compare with theoretical value and found in close agreement. The elemental composition provides the evidence about the bulk purity of FcOH.
Solution Phase Characterization.
In the solution phase FcOH was characterized by 1 H and 13 C NMR spectroscopy and UV-visible spectroscopy and redox behavior of the compound was estimated by cyclic voltammeter. The 1 HNMR, 13 CNMR, and UV-visible spectral data are in agreement with the literature reports [35] .
In literature, UV-vis spectra of phenyl ferrocene based compounds consist of four bands, three strong bands in the wavelength range of 200-385 nm and a weak signal in the visible region at about 450 nm [36] . The high absorptivity bands in the UV region of the spectrum (Figure 1) can be assigned to the - * transition of the aromatic phenyl ring. It has been reported that the UV-visible spectra of ferrocene derivatives give two absorption bands originating from ferrocene moiety [36] . The following three spin-allowed ligand field transitions are expected: ligand field transitions (Figure 1 ). So the weak band in the test compound may be assigned to the ferrocene basedtransitions [36, 37] .
The electrochemical properties of the presented compounds were investigated by cyclic voltammetry (CV) on a glassy carbon electrode in 20% aqueous ethanol, with 0.1 M TBAP supporting electrolyte, in the concentration of 40 M versus standard calomel electrode, in the cathodic direction from 0.0 V to +0.80 V at the scan rate of 100 mVs −1 . Ferrocene moiety is well known (for its derivatives) to undergo easily one-electron oxidation to the ferrocenium ion in a reversible manner. The anodic peaks of compounds appeared in the range of 0.551-0.585 V with corresponding cathodic peaks ranging from 0.365 to 0.399, respectively (Figure 2 ). For simple ferrocene, oxidation peak was observed at 0.518 V under the same conditions corresponding to the literature value [38, 39] . The redox potential o = ( pa + pc )/2 of FcOH is found to be 0.521. The result reveals that the electrochemical behavior of the oxidizing moiety of ferrocene can be modulated by changing the electronic properties of the cyclopentadienyl ring. The slight change in the redox behavior of FcOH in comparison to the pure ferrocene is attributed to the electron withdrawing effect of COOH group. This group facilitates the oxidation of test compound in comparison to ferrocene, hence revealing a negative shift in oxidation potential.
Solid State Characterization.
In the solid state, FcOH was characterized by FTIR and the single crystal X-rays crystallography. The FT-IR of title compound FcOH is in agreement with literature [35] . Crystals of FcOH were grown in hexane. Appropriate crystals for analysis were collected for single X-ray diffraction studies at 100 K. The crystallographic dimensions are reported in Table 1 . The crystallographic data obtained in this case are slightly different from the literature reported one that may be attributed to the decrease in temperature (i.e., 100 K) used for our data collection [40] . Figure 3 . The existence of such hydrogen bonding is important for interaction with biological systems like DNA. Compounds having stronger intermolecular interactions interact strongly with DNA and cause the confirmation changes in the DNA structure.
Four molecular units of FcOH interact by O---H-O type hydrogen bonding and form a cluster of atoms as shown in
DNA Binding Studies.
The title compound FcOH was virtually screened for DNA interaction using AutoDock molecular docking software and found to symbolize interesting results (discussed in later parts of the paper). To solidify the results from virtual screening, we determine the DNA binding parameters of FcOH and its mode of interaction using different instrumental techniques like cyclic voltammetry and UV-visible spectroscopy [19, 41, 42] .
Cyclic Voltameter (CV). CV is an important technique
to study the redox phenomenon of the interaction between two species. The DNA interaction of small molecules has been vastly studied using this technique. This technique is important to estimate drug-DNA interaction behavior qualitatively and quantitatively. The redox behavior of the title compound FcOH was studied by CV in the absence and presence of DNA. The cyclic voltammogram of FcOH is characterized by a redox pair of bands with o value of 0.521 V (as discussed in earlier parts of this paper). On interaction with DNA, with addition of 60 M DNA to the constant concentration of FcOH (Figure 4) , there are observed 25.1% decrease in peak current and a negative shift in the peak potential ( o is 0.425 after the addition of 60 M DNA).
The decrease in peak current shows the slow diffusion of the FcOH-DNA complexes formed after interaction.
In general, shifting in the peak potential is helpful to decide the mode of interaction. In case of covalent binding there occurs a change in the number of peaks. But in case of noncovalent interaction, number of peaks remains unchanged and shifting in the peak potential is reported. In case of intercalation-type interaction, the redox potential normally increased due to encapsulation of molecules into the DNA; as a result the electron transfer between the electrode and molecule becomes difficult, and potential shifts towards the positive side (higher value). And in case of electrostatic interaction with DNA, being electron rich species provides negative charge to the small molecule which reduces the need of electrons during the redox phenomenon at the electrode surface. As a result redox potential decreases and shifts towards negative side (lower value). In the test compound FcOH, on interaction with DNA, the peak potential shifts towards negative site that infers the electrostatic mode of interaction. This electrostatic interaction may be attributed to the H-bonding ability of FcOH as observed in its crystallographic and docking studies. To quantify the DNA binding behavior of FcOH, the equilibrium constant (known as binding constant ) of the reaction between DNA and FcOH is calculated from the decrease in peak current on increasing concentration of DNA. Equation (1) was used to account for the value [43] :
where and 0 are the peak current in the presence and absence of DNA and is the proportionality constant. The value is calculated from the -intercept of the linear plot between 1/[DNA] (along the -axis) and 1/(1− / 0 ) (along the -axis). The found (= 4.52 × 10 4 M −1 ) is greater than that that of the literature reported similar compounds [44, 45] , as described in Table 2 . It may be attributed to the stronger Hbonding in FcOH in comparison to others.
UV-Visible Spectroscopy.
The interaction of FcOH with DNA was also studied by UV-vis absorption spectroscopy calculated according to the following host guest equation [24, 41] :
where 0 and are the absorbance of free compound and compound-DNA complex, respectively, and G and Table 2 indicate that FcOH having the highest binding constant and electrostatic mode of interaction might be the most toxic and the potential anticancer agent. Electrostatic interacting agents can cause conformational changes in DNA and are susceptible to become good anticancer agents [46, 47] .
Molecular Docking Analysis.
Two data source files (.cif and .mol) of FcOH were studied for docking with DNA under the same gird and docking parameters using AutoDock (Version 4.2) software. Figure 6 represents the docked conformation of FcOH with DNA, having lowest binding energy, suggested by the AutoDock, while Figure 7 represents the surface view of the same docked conformation and it shows that FcOH fits well in the minor groove of DNA.
It is evident from Figure 7 that ferrocenyl moiety of the docked FcOH is in close contact with oxygen attached to sugar-phosphate backbone of DNA which in turn suggest the electrostatic force of interaction between iron and oxygen of sugar-phosphate backbone. Figure 8 shows the closeup view of the atoms of DNA, which are interacting with the surface of FcOH, and it can be seen that there are two oxygen atoms, of sugar-phosphate backbone attached to base pair deoxycytosine-9 (DC9), which are interacting with ferrocenyl moiety, electrostatically [23] . Molecular docking of FcOH with DNA yields same kind of graphical representation and mode of interaction in two different sourced data files (.cif and .mol), while the binding energy calculated by the AutoDock for the FcOH-DNA complex was −6.26 and −6.42 kcal/mol for .mol and .cif data files, respectively. The binging energy results have been summarized in Table 2 .
The difference in energy may be attributed to the difference of bond lengths and bond angles in the actual and simulated data. Difference of bond length and angles is responsible for different extent of H-bonding and hence the binding strength. The binding energy results indicate that the .cif data file results are more in agreement with the experimental results. So it can be confidently said that the ligand data obtained from crystallographic information is preferable for docking studies.
Conclusion
FcOH is synthesized in good yield using phase transfer catalytic conditions in ether water mixture. The characterization data are in agreement with the literature reported one. The crystal structure studies and molecular docking were carried out to evaluate the DNA binding potency of FcOH. Experimentally, DNA interaction of FcOH was examined by cyclic voltammeter and UV-visible spectroscopy. The results of all the screening approaches were found in strong agreement with each other. In computational analysis it was observed that results obtained with crystallographic data (cif) file are in better agreement with the experimental data. The DNA interaction studies reveal that FcOH can cause conformational changes in DNA via electrostatic mode of interaction (H-bonding). Conformational changes in the DNA structure may slow down the cell replication process and ultimately the cell death.
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